Abstract-Deice-to-Device (D2D) communications has attracted research interests as an emerging technology towards 5G and beyond cellular networks. In this paper, we investigate the power allocation in D2D underlaying cellular networks with uplink channel reuse. We first develop an optimization problem to minimize the total power consumption subject to peruser Quality-of-Service (QoS) constraints. A distributed power allocation algorithm is proposed to allocate the power for both D2D and cellular users by exploiting the property of strictly non-negative inverse of a Z-matrix. It is shown that the power allocated for users can be considerably saved for low QoS requirements, especially with a large number of D2D users. The proposed algorithm is validated through simulation to realize the impacts of noise power, distance between D2D users and the number of D2D pairs in the network.
I. INTRODUCTION
The rise in the number of cellular users (CUs) has led to an exponential increase in mobile traffic in the last few decades. A number of efforts have been devoted to handling such increasing number of CUs. Although the base stations (BSs) along with the development of small cells in the current cellular systems can cover a large area providing an enhanced Quality-of-Service (QoS), they may require increased capital expenditure and operating expenses. The limited spectrum resources and the availability of licensed spectrum also restrain the network scalability. Dealing with these issues, device-todevice (D2D) communications is promising to have a wide variety of applications in next generation wireless networks. The D2D was proposed as a novel technology that allows the users to communicate directly with each other without going through the BSs by sharing the cellular frequency bands, and hence named as D2D underlaying cellular networks [1] .
The D2D is being considered as one of the key enabling technologies in 5G cellular networks because of its constitutional need for enhanced QoS with high data rate and low latency [1] , [2] . In D2D underlaying cellular networks, the licensed spectrum of the CUs can be reused by the D2D users, while still maintaining the QoS of the CUs [3] . The D2D has been applied in many areas including proximity based services [4] , cellular offloading [5] , public safety services [6] , multi hop relaying [7] , and vehicular networks [8] . Resource allocation is however one of the major concerns in the D2D underlaying cellular network [9] .
Recently, many works have been carried out to optimize resource allocation for D2D communications in an interference limited environment [10] , [11] , [12] . Practically, the D2D users and CUs are handheld devices which rely on battery, and thus suffer from battery drain problem if the power allocation is not properly designed. In this paper, we investigate the resource allocation in D2D underlaying cellular networks where the D2D users exploit the uplink channels of the CUs.
We first develop an optimization problem to find the optimal power for D2D users and CUs so as to minimize the total power consumption of the system subject to per-user QoS constraints in terms of the required signal-to-interference-plusnoise ratio (SINR) and limited transmit power at each user. In order to solve the developed problem, a power allocation mechanism is then proposed by exploiting the property of Z-matrix. The impacts of noise power, distance between D2D users and the number of D2D users are investigated and validated through the simulation. The results show that the proposed algorithm can accommodate all the D2D users without affecting the CU allowing all devices to share the limited resources at the same time. In particular, the proposed algorithm is shown to save the transmit power of the D2D users with low QoS requirements, which accordingly results in an increase in the overall system's energy efficiency.
II. SYSTEM MODEL Figure 1 illustrates the system model of a D2D underlaying cellular network under investigation. An uplink scenario is considered in a network consisting of a BS, a CU and N pairs of D2D users. Operating together with the cellular network, N D2D transmitters {DT 1 , DT 2 , . . . , DT N } send their data to N desired D2D receivers {DR 1 , DR 2 , . . . , DR N } using the same uplink frequency band which is allocated for the link from the CU to the BS. Therefore, the D2D receivers suffer from the interference of not only other D2D transmitters, but also the CU. Meanwhile, the BS also receives the undesired signals from the D2D transmitters in addition to those from the CU.
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denotes the expectation operator and α is the pathloss exponent depending on the propagation environment.
Over uplink channel, the received signal at BS is given by
where x c and x i , i = 1, 2, . . . , N , are signals transmitted from CU and DT i with transmit power p c and p i , respectively, and n b is an independent circularly symmetric complex Gaussian (CSCG) noise having zero mean and variance of
The instantaneous SINR at the BS of the cellular communications is thus given by
Considering the D2D communications, the received signal at D2D receiver DR i , i = 1, 2, . . . , N , can be written as
where x j , j = 1, 2, . . . , N , are signals transmitted from DT j with transmit power p j and n i is an independent CSCG noise having zero mean and variance of E[|n i | 2 ] = N 0 . Note that DR i , i = 1, 2, . . . , N , is only interested in x i from DT i . The instantaneous SINR at DR i of the D2D communications is thus given by
For simplicity, let us denote the channel gains of the links CU → BS, DT j → DR i , CU → DR j , and
respectively. The instantaneous SINR and BS and DR i , i = 1, 2, . . . , N , in (2) and (4) can be respectively rewritten as
III. PROPOSED OPTIMIZATION PROBLEM FOR BOTH D2D AND CELLULAR COMMUNICATIONS In this paper, we aim to minimise the transmission power of all the users in the network, i.e, all D2D and cellular users, subject to maintaining the required SINR for all users and their limited transmit power. To that end, we propose the following optimization problems. First, we introduce the optimization problem for the D2D communications as follows:
where γ i is given by (6), p max i is the maximum transmit power at DT i ,γ i is the required SINR level at DR i .
Next we consider cellular uplink communications with the following optimization problem:
where γ b is given by (5), p max c is the maximum transmit power at the CU, andγ b is the required SINR level at the BS.
For the sake of convenience, we combine problems (7) and (8) in the following form:
where we have slightly abused the notation by using the index N + 1 to represent either c for D2D communications or b for cellular communications, i.e.
Rearranging the SINR constraints in (9), one can rewrite the optimization problem (9) in the following equivalent form:
We continue by introducing G, p, and n as follows.
Hence, the problem (10) can be equivalently restated as
where and are used to denote the element-wise-inequality operators.
In order to find the optimal solution to problem (15), we introduce the following lemma.
then there exists a unique lower bound for the power allocation for problem (15) as
Proof. The proof is similar to that in [13] , [14] , [15] . Here, it is sketched as follows. By observing (11), one can conclude that all the off-diagonal elements of matrix G are non-positive. Hence, according to [16] , [17] , matrix G is called a Zmatrix. If G satisfies the condition in (16), then G is strictly diagonally dominant matrix. According to [13, chapter 6, Theorem 2.3], all principal minors of G are positive. Since G is a Z-matrix, according to [14, theorem 3.11.10] , G −1 exist and all its elements are non-negative. Since all the elements of vector n in (13) are also non-negative, then p is lower bounded by p min = G −1 n 0. This concludes the proof.
Remark 1.
If p min defined in (17) also satisfies
then p min is the optimal solution to the proposed problem (15). 
IV. SIMULATION RESULTS
This section provides the simulation results of the proposed power allocation in a D2D underlaying cellular network. In the simulation, the nodes are located within an area of 300 m × 300 m, the pathloss exponent is set as α = 2, the required SINR of all D2D users and CU are equally set and varies asγ i =γ b ∈ [−20, 20] dB, ∀i = 1, 2, . . . , N , and the maximum transmit power is p Considering the impact of noise power on the power allocation, Fig. 3 plots the average transmit power of D2D transmitters, i.e. E[p min ], versus required SINR, i.e.γ, with respect to three values of noise power N 0 ∈ {−30, −40, −50} dBm. Five pairs of D2D users, i.e. N = 5, are considered and the distance between each D2D pair is uniformly distributed in the range [10, 25] m. It can be seen in Fig. 3 that the required transmit power increases as the SINR requirement increases. Also, a higher transmit power is required to compensate an increased noise power. For instance, when the SINR is 5 dB, the average transmit power required is 10 dBm with noise power of -30 dBm compared to when the noise power of -50 dBm with an average transmit power of 0 dBm. In Fig. 3 , the graph is fluctuating due to the fact that the instantaneous SINR is considered over different fading generations, among which some cause the matrix G defined in (11) is not invertible, i.e. does not satisfy the condition in Lemma 1. Fig. 3 . It can be observed that the D2D users having distance within 40 m to 50 m require a higher transmit power compared to those with shorter distance. As an example in Fig. 4 , when the SINR requirement is -5 dB, the average transmit power required for the D2D users with a distance of 10 -20 m, 30 -40 m and 40 -50 m are 10 dBm, 15 dBm, and 20 dBm, respectively. This means that, in order to satisfy the SINR requirement, the distance between the D2D users has a considerable impact on the average transmit power at the D2D users. Taking into account the number of D2D users, Fig. 5 plots the average transmit power of D2D transmitters against the required SINR for three cases of the number of D2D pairs, i.e. N ∈ {5, 10, 20}. In this figure, the noise power is similarly set as in Fig. 4 , i.e. N 0 = −30 dBm, while the distance between D2D users is varied as in Fig. 3 in the range [10, 25] m. It can be observed that there is not much difference in the average transmit power required at the D2D users regardless of the number of D2D pairs. This accordingly verifies that our proposed algorithm can be applied for any number of D2D pairs.
V. CONCLUSION
In this paper, we have developed an optimization problem to find the optimal power allocation for D2D users and CU in D2D underlaying cellular networks subject to QoS constraints in terms of SINR requirement at each user and their limited power constraint. An optimal power allocation has been proposed by exploiting the property of strictly nonnegative inverse of a Z-matrix. The proposed approach has been shown to be able to provide an optimal solution when the generation matrix satisfies the condition for a Z-matrix. Moreover, the impacts of noise power, the distance between D2D users and the number of D2D pairs have been discussed and validated through the simulation. It has been shown that either a higher noise power or a farther distance of the D2D users requires an increased transmit power of the D2D users, whereas deploying more number of D2D pairs does not have much impact on the required transmit power of the D2D users.
